Abstract: Changes in the intracellular Ca 2þ concentration regulate numerous cell functions and display diverse spatiotemporal dynamics, which underlie the versatility of Ca 2þ in cell signaling. In many cell types, an increase in the intracellular Ca 2þ concentration starts locally, propagates within the cell (Ca 2þ wave) and makes oscillatory changes (Ca 2þ oscillation). Studies of the intracellular Ca 2þ release mechanism from the endoplasmic reticulum (ER) showed that the Ca 2þ release mechanism has inherent regenerative properties, which is essential for the generation of Ca 2þ waves and oscillations. Ca 2þ may shuttle between the ER and mitochondria, and this appears to be important for pacemaking of Ca 2þ oscillations. Importantly, Ca 2þ oscillations are an efcient mechanism in regulating cell functions, having eects supra-proportional to the sum of duration of Ca 2þ increase. Furthermore, Ca 2þ signaling mechanism studies have led to the development of a method for specic inhibition of Ca 2þ signaling, which has been used to identify hitherto unrecognized functions of Ca 2þ signals.
Abstract: Changes in the intracellular Ca 2þ concentration regulate numerous cell functions and display diverse spatiotemporal dynamics, which underlie the versatility of Ca 2þ in cell signaling. In many cell types, an increase in the intracellular Ca 2þ concentration starts locally, propagates within the cell (Ca 2þ wave) and makes oscillatory changes (Ca 2þ oscillation). Studies of the intracellular Ca 2þ release mechanism from the endoplasmic reticulum (ER) showed that the Ca 2þ release mechanism has inherent regenerative properties, which is essential for the generation of Ca 2þ waves and oscillations. Ca 2þ may shuttle between the ER and mitochondria, and this appears to be important for pacemaking of Ca 2þ oscillations. Importantly, Ca 2þ oscillations are an efcient mechanism in regulating cell functions, having eects supra-proportional to the sum of duration of Ca 2þ increase. Furthermore, Ca 2þ signaling mechanism studies have led to the development of a method for specic inhibition of Ca 2þ signaling, which has been used to identify
Introduction
Intracellular Ca 2þ concentration ([Ca 2þ ] i ) is kept extremely low at resting conditions with approximately a 1:10,000 ratio compared to the extracellular Ca 2þ concentration. Upon various stimuli to the cells, [Ca 2þ ] i increases due to Ca 2þ inux via the plasma membrane and/or release of Ca 2þ from the intracellular store to regulate various cell functions. Thus, [Ca 2þ ] i functions as a cellular switch. This notion was rst established in skeletal muscle cells. 1),2) Subsequently, a long list of cell functions that are switched on by Ca 2þ signals has been compiled, and the switching time and switching distance within the cell are extremely diverse (Fig. 1) . The versatility of Ca 2þ signals has fascinated many investigators and has been studied extensively. Furthermore, there should be many hitherto unrecognized functions that are regulated by Ca 2þ signals. In this review, I would like to summarize how the studies on the switching mechanisms of Ca 2þ signals evolved, referring to our work centering on the intracellular Ca 2þ release mechanism. There have been extensive studies on Ca 2þ signaling in striated muscle cells; that is, excitation-contraction coupling. Readers are referred to numerous excellent reviews on this subject. 3)-6) Here, I would like to concentrate on Ca 2þ signaling in nonstriated-muscle cells. The Ca 2þ inux pathways are also important for the generation of Ca 2þ signals, but a full account of the trans-plasmalemmal pathways is out of the scope of this review. indicator-loaded vascular smooth muscle cells receiving input from the perivascular sympathetic nerves, we found that the spatiotemporal characteristics of the Ca 2þ response of vascular smooth muscle cells were extremely dynamic ( Fig. 2A) . 8) In the initial Ca 2þ response shown in Fig. 2Ab , all the cells responded rather uniformly. This Ca 2þ response was insensitive to a-adrenergic antagonists, and is due to purinergic P2X receptor stimulation by the sympathetic co-transmitter ATP released from the nerve endings. However, the purinergic response faded away rapidly due to receptor desensitization. In the following responses (Fig. 2Ac{f ) waves and oscillations were blocked by a-adrenergic antagonists. Similar Ca 2þ dynamics were also observed when noradrenaline, the sympathetic nerve transmitter, was directly applied to the arterial tissue. Interestingly, the frequency of Ca 2þ oscillations, rather than their amplitude, increased with increasing concentration of noradrenaline (Fig. 2C) . In other words, vascular smooth muscle contraction seems to be regulated by the frequency of Ca 2þ oscillations (frequency modulation).
It has been shown that many other cell functions are regulated by Ca 2þ oscillations. Indeed, Ca 2þ oscillation is one of the most ubiquitous forms of Ca 2þ signaling. . A breakthrough was brought about when IP 3 was applied with a sub-micromolar concentration of Ca 2þ , which markedly enhanced IP 3 -induced Ca 2þ release (Fig. 3A) . 12),13) As shown in Fig. 3B The bell-shaped Ca 2þ dependence is the steadystate property of IP 3 -induced Ca 2þ release. It is also important to study the time-dependence of the eect of Ca 2þ . Thus, the kinetic property of the Ca 2þ dependence of IP 3 -induced Ca 2þ release was studied using caged Ca 2þ , which can generate a step increase in Ca 2þ concentration upon a brief ultraviolet light ash. The results indicated that Ca 2þ had instantaneous potentiating and inhibitory eects on the IP 3 -induced Ca 2þ release depending on the magnitude of the step increase in Ca 2þ concentration (potentiation <$0.3 mM, inhibition >$1 mM). 20) These results indicate that the IP 3 -induced Ca 2þ release mechanism has the inherent property of becoming regenerative at submicromolar Ca 2þ concentrations. The Ca 2þ sensitivity of IP 3 -induced Ca 2þ release bears a resemblance to the Ca 2þ -induced Ca 2þ release (CICR) mechanism that was initially observed in skeletal muscle cells. 21),22) The CICR mechanism is now attributed to the ryanodine receptor, which binds ryanodine, a plant alkaloid, in an essentially irreversible manner. 23) There are three subtypes of ryanodine receptors in mammals, and they function as the Ca 2þ release channel as homotetramers. Each subunit of the RyR Ca 2þ release channel consists of about 5,000 amino acids. 23)-25) On the other hand, the IP 3 -induced Ca 2þ release mechanism is mediated by the IP 3 receptor (IP 3 R) with about 2,700 amino acid residues. 26) There are three subtypes of IP 3 R, 26)-28) which form Ca 2þ release channels as homo-or heterotetramers. Interestingly, the primary structure of IP 3 R has similarity to that of RyR. 26) Hence, RyR and IP 3 R are homologous proteins, and both function as a Ca 2þ -dependent Ca 2þ release channel on the endoplasmic reticulum (ER) membrane. The major dierence between the two types of Ca 2þ release channels is that while RyR can be activated by Ca 2þ alone, IP 3 R requires both IP 3 and Ca 2þ simultaneously for activation. There is another notable dierence between IP 3 R and RyR. Mg 2þ is a strong inhibitor of the CICR mechanism of RyR. 6) However, Mg 2þ has very little, if any, eect on the Ca 2þ dependence of IP 3 R activity. 13), 29) to the presence of high concentrations of Ca 2þ binding proteins. Indeed, the diusion coefcient of Ca 2þ in cytoplasm is only $1/30 of that in water and is even $1/20 of the diusion coefcient of IP 3 in cytoplasm. 36) Thus, for rapid and uniform increase in the intracellular Ca 2þ concentration, a mechanism to overcome the diusion delay is required. Ca 2þ waves can be regarded as a system for transmitting Ca 2þ signals from one site of the cell to another, and is essentially the same mechanism as the action potentials for the propagation of information in nerve axons. The regenerative activation of sodium channels underlies the propagation of action potentials in neurons. Similarly, the regenerative activation of Ca 2þ release channels underlies the propagation of Ca 2þ waves in many types of cells. There have been many theoretical studies to simulate Ca 2þ waves using mathematical models of the intracellular Ca 2þ dynamics. 37),38) The regenerative Ca 2þ release mechanism is the key factor of these models. An additional physiological signicance has been attached to the Ca 2þ wave in pancreatic acinar cells, in which Ca 2þ waves always initiate from the apical side of the cell and spread toward the basolateral side. In this way, there is a time delay in the increase in [Ca 2þ ] i between the apical and basolateral membranes. The time dierence in [Ca 2þ ] i is proposed to be important for the unilateral movement of solutes in the acinar cells for excretion. 34) The importance of regenerative Ca 2þ release in the generation of Ca 2þ oscillations has been also postulated in theoretical studies of Ca 2þ oscillations. 37)-40) This notion was subsequently tested experimentally. Based on the aforementioned structural similarity between IP 3 R and RyR, the glutamate residue at position 2100 (E2100) was identied to be a critical amino acid residue of the type 1 IP 3 R (IP 3 R1) for the Ca 2þ dependence of channel function (Fig. 5A ). 41) When E2100 was replaced with aspartate (E2100D), there was a marked reduction in the Ca 2þ sensitivity without signicant change in the IP 3 dependence (Fig. 5C production. First, the enzyme activity of phospholipase C (PLC) is positively regulated by the intracellular Ca 2þ concentration at >100 nM concentrations. 52),53) Second, PLC activation induces protein kinase C activation, which in turn inhibits IP 3 generation via the inhibition of agonist receptor or PLC activity. 54) These positive and negative feedback loops may cause oscillatory changes in the in- Fig. 3C ). See text for references. Thus, Ca 2þ shuttles between the ER and mitochondria during each Ca 2þ oscillation. As the ER Ca 2þ loading increased, there was a decline in the ER Ca 2þ uptake rate, which then allowed mitochondrial Ca 2þ release to increase the cytoplasmic Ca 2þ concentration. The increase in the cytoplasmic Ca 2þ concentration was followed by regenerative Ca 2þ release from the ER via the IP 3 R to generate the second and subsequent Ca 2þ oscillations (Fig. 6B ). These ndings suggest that mitochondria play a role in the pacemaking of Ca 2þ oscillations, and that Ca 2þ efux from the mitochondria underlies the pacemaker Ca 2þ increase before the regenerative Ca 2þ release from the ER. 57) 5. Physiological signicance of Ca 2þ oscillations Ca 2þ oscillation regulates many important cell functions. One such function is T-cell activation. Introduction of foreign tissues to the host is detected by T cells, in which Ca 2þ oscillations are generated. 62) The Ca 2þ oscillation then activates the Ca 2þ -calmodulin-dependent phosphatase calcineurin. Calcineurin then dephosphorylates nuclear factor of activated T cells (NFAT), which in turn translocates to the nucleus to enhance transcription of a set of genes. 63) Because Ca 2þ oscillation frequency regulates NFATdependent transcription, 64) the dependence of nuclear translocation of NFAT on Ca 2þ oscillations is a physiologically important mechanism.
We studied the relationship between GFPtagged NFAT translocation to the nucleus and the frequency of Ca 2þ oscillation. 65) Indeed, there was a frequency-dependent translocation of NFAT to the nucleus. In Ca 2þ oscillations, [Ca 2þ ] i increases only a fraction of time, i.e., the fractional Ca 2þ increase time ([sum of the duration of Ca 2þ increase] Ä [total duration] Â 100%) is less than 100%. When the extent of nuclear translocation of NFAT was plotted against the fractional Ca 2þ increase time, it showed a convex upward dependence rather than a proportional dependence (Fig. 7) . This means that the extent of NFAT translocation induced by Ca 2þ oscillation is supra-proportional to the duration of Ca 2þ increase. In other words, Ca 2þ oscillation is an 'energy-saving' signaling mechanism. Since prolonged increase in [Ca 2þ ] i may have adverse eects on cell survival, 9) Ca 2þ oscillation is an efcient system to regulate cell functions.
The major reason why NFAT nuclear translocation utilizes the Ca 2þ increase efciently in an energy-saving manner lies with the ability of NFAT to 'memorize' Ca 2þ increase for a certain amount of time after termination of the Ca 2þ signal. Dephosphorylation of NFAT by calcineurin is a rapid process and proceeds within a short period of time. However, rephosphorylation of NFAT is rather a slow process taking several minutes. Thus, dephosphorylated NFAT, which is ready for translocation to the nucleus, has a life time of $7 min. 65 signaling functions as a detector of the presynaptic activity. When the IP 3 signaling was blocked in PCs by IP 3 5-phosphatase, the synaptic strength of the PF-PC synapse was inhibited. Further analyses showed that postsynaptic IP 3 signaling drives a brain-derived neurotrophic factor (BDNF) signaling from the postsynaptic PCs to the presynaptic PF terminals and that the retrograde signaling maintains the presynaptic function. 74) Therefore, the postsynaptic IP 3 -Ca 2þ signaling mechanism plays an important role in the activity-dependent synaptic maintenance mechanism.
The IP 3 5-phosphatase method claried another mechanism that is regulated by IP 3 -Ca 2þ signaling. Astrocytes, the major glial cells in mammalian brain, generate spontaneous Ca 2þ oscillations in vivo as well as in vitro. 75)-78) The astrocytic Ca 2þ oscillations were blocked by IP 3 5-phosphatase, and neurite growth over the Ca 2þ signal-decient astrocytes was inhibited. The analysis claried that Ca 2þ oscillations regulate the expression of N-cadherin on the surface of astrocytes, and that N-cadherin is important for the maintenance of neurite growth. 79) 
Perspectives
Studies on the basic principle of Ca 2þ signaling led to the clarication of the critical role of the regenerative nature of the IP 3 -induced Ca 2þ release mechanism in the spatiotemporal generation pattern of Ca 2þ signals, such as Ca 2þ waves and oscillations. Ca 2þ oscillations provide an efcient way to drive cell functions with a temporally-distributed short duration of Ca 2þ increase, thus avoiding the adverse eects of continuous Ca 2þ increases. In parallel with such studies, a new specic method to inhibit Ca 2þ signaling was discovered and helped us to identify new cellular functions, i.e., an activity-dependent synaptic maintenance mechanism and a neuron-glial cell interaction. Further clarication of the new roles of Ca 2þ signaling is expected to shed new light on our understanding of many important biological functions. 
